Septins are a family of GTP-binding proteins whose heterooligomeric complex is the basic structural element of the septin filaments found in many eukaryotic organisms. In budding yeast, septins are mainly confined at the mother-daughter junction and are required for cell morphogenesis and division. Septins undergo assembly and disassembly in accordance with the progression of the cell cycle. In this report, we identified the yeast protein Syp1p as a new regulator of septin dynamics. Syp1p colocalizes with septins throughout most of the cell cycle. Syp1p interacts with the septin subunit Cdc10p and can be precipitated by Cdc10p and Cdc12p. In the syp1D mutant, both formation of a complete septin ring at the incipient bud site and disassembly of the septin ring in later stages of cell division are significantly delayed. In addition, overexpression of Syp1p causes marked acceleration of septin disassembly. The fluorescence recovery after photobleaching (FRAP) assay further showed that Syp1p promotes septin turnover in different cell cycle stages. These results suggest that Syp1p is involved in the regulation of cell cycle-dependent dynamics of the septin cytoskeleton in yeast.
S
EPTINS were first identified from the yeast Saccharomyces cerevisiae as a set of cdc mutants defective in cytokinesis and were subsequently found to be present in many other eukaryotic species including human (Hartwell 1971; Longtine et al. 1996; Spiliotis and Nelson 2006) . Septin proteins polymerize into filaments and form ring-like structures found at specific cellular locations (Field and Kellogg 1999; Vrabioiu and Mitchison 2006; Sirajuddin et al. 2007) . Yeast cells express seven septins, five of which (Cdc3p, Cdc10p, Cdc11p, Cdc12p, and Shs1p/Sep7p) are the structural components of the septin ring at the mother-bud junction during vegetative growth , and the other two (Spr3p and Spr28p) are engaged in sporulation (Versele and Thorner 2005) . The septin ring serves primarily as a scaffold for recruitment of proteins that function in cytokinesis (Bi 2001; Dobbelaere and Barral 2004) , morphogenesis checkpoint (Barral et al. 1999; Lew 2003) , bud site selection (Flescher et al. 1993; Zahner et al. 1996) , pheromone-induced morphogenesis (Giot and Konopka 1997) , and chitin deposition (Demarini et al. 1997; Kozubowski et al. 2003) . In addition, the septin ring is also known to function as diffusion barriers to compartmentalize the plasma and ER membranes (Barral et al. 2000; Takizawa et al. 2000; Dobbelaere and Barral 2004; Luedeke et al. 2005) . As the organization and dynamics of septin filaments are key to their functions, it is important to understand how assembly and disassembly of the septin cytoskeleton are regulated.
Yeast is a desired model system to study the organization and regulation of septins. Yeast septins localize to the incipient bud site shortly before bud emergence where they quickly organize into a ring. During bud growth, the ring expands into an hourglass-like collar spanning the mother-bud neck. At the onset of cytokinesis, the septin collar splits into two septin rings with one each at the mother and daughter sides. After completion of cell division, the old septins normally disassemble before the new structures form for the next cell cycle (Cid et al. 2001; Lippincott et al. 2001; Versele and Thorner 2004; Iwase et al. 2006) . The septin filament reorganization during the cell cycle correlates with the dynamic properties of septins as detected by the fluorescence recovery after photobleaching (FRAP) experiments (Dobbelaere et al. 2003) . At the early or late cell cycle stages, when septins are in a state of active turnover, the subunits of the septin filaments are replaceable. During the S, G2, and M phases, on the other hand, septin filaments are stable and the subunits are ''frozen'' (Dobbelaere et al. 2003) .
Various proteins have been identified to regulate septin organization at different cell cycle stages. The small GTPase Cdc42p and its guanine nucleotide exchange factor Cdc24p are required for assembly of the early septin ring at the bud site (Gladfelter et al. 2002; Caviston et al. 2003; Iwase et al. 2006) . The effectors of Cdc42p, the Cla4p and Ste20p kinases, also take part in 1 this process (Cvrckova et al. 1995; Weiss et al. 2000; Versele and Thorner 2004) . During bud growth, septin phosphorylation by the kinase Gin4p results in stabilization of septin organization (Dobbelaere et al. 2003) . After cytokinesis, phosphorylation of Cdc3p by Cdc28p promotes the disassembly of the old septin ring (Tang and Reed 2002) . Dephosphorylation of septins by PP2A is also involved in septin disassembly (Mitchell and Sprague 2001; Dobbelaere et al. 2003) . Apart from these findings, however, our knowledge of the mechanism that regulates septin dynamics during the cell cycle remains rather scarce.
The yeast protein Syp1p was originally identified as a multicopy suppressor of the pfy1 mutant (Marcoux et al. 2000) . Syp1p was also found capable of restoring the axial bud site selection in the arf3D mutant when overexpressed (Lambert et al. 2007) . As both Pfy1p and Arf3p are required for the functions of actin cytoskeleton, it is plausible that Syp1p may be involved in actin cytoskeleton and cell polarity as well. In addition, limited studies so far also suggest a role for Syp1p in the function or regulation of septins. Syp1p was localized to the bud neck and its overexpression could induce elongated buds in a fraction of the cell population (Marcoux et al. 2000) , similarly to the proteins that are involved in the organization of septins (Demarini et al. 1997; Lippincott and Li 1998; Kikyo et al. 1999) . In this report, we investigated the relationship of Syp1p with septins. We demonstrate that Syp1p can interact with septins and is required for proper septin dynamics at different cell cycle stages. Syp1p, therefore, appears to be a new regulator of septin dynamics in yeast.
MATERIALS AND METHODS
Strains, plasmids, media, and general methods: Yeast strains and plasmids used in this study are listed in Tables 1 and 2 , respectively. Gene deletion in YMC515Q, YMC536 was created by integrating an Schizosaccharomyces pombe HIS5 selection cassette to replace the chromosomal locus. YMC517, YMC520, YMC521, YMC532, YMC533, and YMC534 were generated by integrating pCDC12-GFP-305, pGAL-HA-306, pGAL-SYP1-HA-306, pSYP1-HA-306, pSYP1-GFP-305, and pSYP1-CFP-306 into wild-type cells, respectively. The same strategy was used to integrate pGAL-SYP1-Myc-306, pCDC10-GFP-305, and pSYP1-CFP-306 into respective strains. Yeast cells were grown in standard yeast extract-peptone-dextrose (YEPD) or synthetic complete (SC) medium lacking appropriate amino acids for plasmid maintenance. In experiments requiring the expression of genes under the GAL1 promoter, raffinose instead of dextrose was used as the carbon source and galactose was later added for GAL1 induction. Hydroxyurea (HU) (Sigma) was added to a final concentration of 15 mg/ml where required. Preparation of yeast extracts and immunoblotting followed previous procedures (Zeng et al. 2001) .
Two-hybrid assay and GST fusion protein binding: For the yeast two-hybrid assay, test genes were cloned to the HA-tagged MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1 syp1DTHIS3 YMC516Q
MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1 syp1DTHIS3 cdc12TCDC12-GFP-LEU2 YMC517 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1 cdc12TCDC12-GFP-LEU2 YMC518 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1 cdc12TCDC12-GFP-LEU2/p314 YMC519 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1 cdc12TCDC12-GFP-LEU2/pGAL-SYP1-HA-314 YMC520 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1TGAL-HA-URA YMC521 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1TGAL-SYP1-HA-URA US810 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1 swe1DTHIS3 YMC522
MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1 swe1DTHIS3TGAL-HA-URA YMC523 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1 swe1DTHIS3TGAL-SYP1-HA-URA YMC524 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1 swe1DTHIS3TGAL-SYP1-Myc-URA/p314 YMC525 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1 swe1DTHIS3TGAL-SYP1-Myc-URA/pSWE1-HA-314 YMC526 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1 cdc10TCDC10-GFP-LEU2TGAL-HA-URA YMC527 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1 cdc10TCDC10-GFP-LEU2TGAL-SYP1-HA-URA YEF473-1619
MATa his3 leu2 lys2 ura3 trp1cdc10-1 YMC528 MATa his3 leu2 lys2 ura3 trp1cdc10-1Tcdc12TCDC12-GFP-LEUTGAL-HA-URA YMC529 MATa his3 leu2 lys2 ura3 trp1cdc10-1Tcdc12TCDC12-GFP-LEUTGAL-SYP1-HA-URA YMC530 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1 cdc12TCDC12-YFP-TRP syp1TSYP1-CFP-URA YMC531 MATa his3 leu2 lys2 ura3 trp1cdc10-1 cdc12TCDC12-GFP-LEU YMC532 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1 syp1TSYP1-HA-URA YMC533 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1 syp1TSYP1-GFP-LEU YMC534 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1 syp1TSYP1-CFP-URA YMC535 MATa his3 leu2 lys2 ura3 trp1cdc10-1 cdc12TSYP1-CFP-URA YMC536 MATa his3 leu2 lys2 ura3 trp1rts1DTHIS YMC537 MATa his3 leu2 lys2 ura3 trp1rts1DTHIS syp1DTURA GAL4 activation domain of pGADT7 or the Myc-tagged DNA binding domain of pGBKT7 as described in Table 2 . The plasmids were cotransformed into the strain SFY526 and the expression of each fusion protein was confirmed by Western blotting with anti-HA or anti-Myc antibodies. The b-galactosidase activities were measured as instructed by the manufacturer (CLONTECH). For GST fusion protein binding, yeast lysate containing Syp1p-HA was incubated with GST fusion proteincoupled beads in the lysate buffer for 2 hr at 4°. The pellets were precipitated and washed five times with the RIPA buffer before being eluted into the SDS-PAGE sample buffer. Microscopy, live cell imaging, and FRAP: Cells were observed with a Zeiss Axiovert 200M microscope equipped with a Coolsnap HQ camera (Roper Scientific, Tucson, AZ), unless specified otherwise. To visualize septin dynamics, the CS U22 Laser power supply and Cascade 512B camera were used. Yeast cells expressing GFP and/or CFP-tagged proteins were allowed to grow to the early log phase at 30°. Cells were harvested, resuspended in fresh media, and adhered to the surface of an agarose-(2%) coated glass slide, covered with a cover slip and sealed with vaseline. All of the imaging procedures were kept within a closed chamber at 30°. Images were acquired at the intervals of 1 min for Cdc12p-GFP and 2 min for Syp1p-GFP with motorized GFP filter. At each time point, 7 images (at a speed of 100 ms/image for septins or 400 ms for Syp1p) were acquired at 0.5 mm increments, deconvolved, and reconstructed into 3D images.
The FRAP assays were performed using a Zeiss LSM 510 confocal microscope at 25°. Cells of overnight cultures in YPD containing Cdc12-GFP were harvested and resuspended in synthetic complete medium and spread on a 2% agarose pad. Half of the septin ring was bleached with 20 iterations of 70-80% laser intensity at 488 nm. Excitation for image acquisition (l ¼ 488 nm) was set at 4-5% of the maximal laser intensity. Pictures were taken every 30 sec for a total of 10 min. Fluorescence intensity was analyzed using Metamorph Version 4.0 software and plotted against time. Control cells with small-or medium-sized buds were used to correct for general bleaching.
RESULTS
Septin disorganization as a result of Syp1p overexpression: First, we were interested in finding out whether the elongated bud phenotype induced by Syp1p overproduction, as reported previously (Marcoux et al. 2000) , could be attributed to septin abnormalities. We repeated this experiment with the strain that contained GAL1-SYP1-HA and Cdc12-GFP. After 7 hr of galactose induction at 30°, elongated buds became evident in some populations of the cells ( Figure 1A , arrowheads). Quantitative analysis showed that 46% of mononuclear (n . 100), excluding the ones with very small buds, and 23% of binuclear budded cells (n . 100) had elongated buds. It   TABLE 2 Plasmid constructs used in this study Construct Description pCDC3 DNA fragment encoding Cdc3p (1-520 aa) was cloned into pGBKT7. pCDC10 DNA fragment encoding Cdc10p (1-322 aa) was cloned into pGBKT7. pCDC11 DNA fragment encoding Cdc11p (1-415 aa) was cloned into pGBKT7. pCDC12 DNA fragment encoding Cdc12p (1-407 aa) was cloned into pGBKT7. pSYP1 DNA fragment encoding Syp1p (1-870 aa) was cloned into pGADT7. pGEX-CDC3
DNA fragment encoding Cdc3p (1-520 aa) was cloned into pGEX-4T-1. pGEX-CDC10
DNA fragment encoding Cdc10p (1-322 aa) was cloned into pGEX-4T-1. pGEX-CDC11
DNA fragment encoding Cdc11p (1-415 aa) was cloned into pGEX-4T-1. pGEX-CDC12
DNA fragment encoding Cdc12p (1-407 aa) was cloned into pGEX-4T-1. pGAL-SYP1-HA-314 DNA fragment encoding Syp1p (1-870 aa) was cloned in frame with a C-terminal HA epitope followed by the ADH1 terminator and placed under GAL1 promoter control in pRS314. pGAL-SYP1-HA-306 DNA fragment encoding Syp1p (1-870 aa) was cloned in frame with a C-terminal HA epitope followed by the ADH1 terminator and placed under GAL1 promoter control in pRS306. pGAL-SYP1-Myc-306 DNA fragment encoding Syp1p (1-870 aa) was cloned in frame with a C-terminal Myc epitope followed by the ADH1 terminator and placed under GAL1 promoter control in pRS306. pSWE1-HA-314 DNA fragment encoding Swe1p (1-819 aa) was cloned in frame with a C-terminal HA epitope followed by the ADH1 terminator and placed under SWE1 promoter control in pRS314. pCDC12-GFP-305 DNA fragment encoding Cdc12p (1-407 aa) was cloned in frame with a C-terminal GFP epitope followed by the ADH1 terminator in pRS305. pCDC12-YFP-304 DNA fragment encoding Cdc12p (1-407 aa) was cloned in frame with a C-terminal YFP epitope followed by the ADH1 terminator in pRS304. pCDC10-GFP-305 DNA fragment encoding Cdc10p (1-322 aa) was cloned in frame with a C-terminal GFP epitope followed by the ADH1 terminator in pRS305. pSYP1-CFP-306 DNA fragment encoding Syp1p (1-870 aa) was cloned in frame with a C-terminal CFP epitope followed by the ADH1 terminator in pRS306. pSYP1-HA-306 DNA fragment encoding Syp1p (1-870 aa) was cloned in frame with a C-terminal HA epitope followed by the ADH1 terminator in pRS306. pSYP1-GFP-305 DNA fragment encoding Syp1p (1-870 aa) was cloned in frame with a C-terminal HA epitope followed by the ADH1 terminator in pRS305.
was also obvious that many Syp1p overexpressing cells exhibited various septin defects ( Figure 1A , arrows). Some cells had deformed septins at the bud neck ( Figure  1A , arrows 1-3); some had their septins diffused to the cell membrane ( Figure 1A , arrows 4-7) and some had little or no septin structures visible. Overall, 34% of mononuclear (n . 100) and 57% of binuclear budded cells (n . 100) displayed abnormal septin structures. In comparison, similar septin abnormalities were rarely found in the vector-transformed control cells. Longer (overnight) induction of Syp1p overexpression caused more severe defects in septin organization, which could be better visualized by confocal microscopy. As shown in Figure 1B , the majority of these cells displayed aberrant septin structures including, most prominently, diffusions to the cell membrane. The number of the cells with elongated buds was also significantly increased (to .70% of the budded cell population). This experiment indicates that Syp1p overexpression can disrupt the normal septin organization and the septin defects may be the cause of the elongated bud phenotype exhibited by some of these cells. Similar results were also obtained using Cdc10-GFP as a septin filament marker (data not shown, but see below). It has been reported that septin defects induce bud elongation through the Swe1p-dependent cell cycle delay (Barral et al. 1999; Longtine et al. 2000; Lew 2003) . To investigate whether the elongated-bud phe- (A) Wild-type cell containing CDC12-GFP (YMC517) was transformed with Gal-SYP1-HA or the vector. The resulting strains, YMC518 (vector) and YMC519 (Gal-SYP1-HA), were cultured in raffinose at 30°to log phase followed by the addition of galactose to 2% to induce Syp1p expression. After 7 hr, samples were sonicated and prepared for microscopy. The elongated buds are marked by arrowheads and disorganized septin structures by arrows. The quantitative data of cell morphology and septin organization in the budded cells are shown on the right. (B). The same strains as described in A were subjected to overnight induction of Syp1p overexpression followed by examination under confocal microscope (Zeiss LSM 510).
(swe1DTGal-SYP1-HA) were induced for Syp1p overexpression for 7 hr as stated above. Right: The swe1D strain integrated with Gal-SYP1 transformed with vector (YMC524) or SWE1 (YMC525) were cultured and induced for Syp1p overexpression for 7 hr and examined similarly as stated above. Bars, 5 mm.
notype in the Syp1p overexpression cells was dependent on Swe1p, the same experiment was carried out in the swe1D mutant. As shown in Figure 1C , deletion of SWE1 effectively suppressed the elongated-bud phenotype ( Figure 1C) , and reintroducing the SWE1 gene back into the mutant restored the phenotype ( Figure 1C ). This result further supports the notion that the function of Syp1p in vivo may be related to septin organization.
Cells experiencing prolonged overexpression of Syp1p also exhibited division defects. When overnight cultures in galactose were diluted into fresh galactose medium and allowed to continue the Syp1p expression for another 7 hr, 40% of cells (n ¼ 300) became multibudded ( Figure 2A) . Accordingly, the septin organization was also abnormal in these multibudded cells (Figure 2A, arrows) .
In addition to its role in vegetative growth, the septin cytoskeleton has also been reported to take part in the mating process (Giot and Konopka 1997) . After mating pheromone treatment, the yeast cells form a projection termed ''shmoo,'' with the septins rearranged into arrays along the projection axis (Longtine et al. 1998) . To examine whether overexpression of Syp1p would affect septin organization during shmoo formation, the cells were induced by galactose for 3 hr before the addition of a-factor into the medium. After another 2 hr of incubation, remarkable septin organization defects were observed in these cells. The percentage of cells with typical fibrous septin structures was decreased to 18% from 57% in the control cells (n ¼ 200, Figure 2B ). The majority of the abnormal septin structures were similar to those found in the Syp1p overexpression cells without a-factor treatment shown in Figure 1A , except that more pronounced septin aggregations were evident in this case ( Figure 2B, arrowheads) .
Furthermore, we also observed synthetic effects between septin mutants and Syp1p overexpression. Syp1p overexpression caused extraordinarily long buds in the Figure 2. -Additional septin abnormalities caused bySyp1p overexpression. (A) Wild-type cell containing CDC10-GFP was integrated with vector or Gal-SYP1-HA at the ura3 locus, and the respective strains (YMC526 and YMC527) were cultured overnight at 30°in galactose medium followed by dilution into fresh galactose medium and incubated for another 7 hr. The arrowhead marks a multibudded cell. The arrows show the septin defect in the multibudded cell. The quantitative data of the multibudded cells are shown in graphs on the right. (B) The strains described in A were cultured at 30°to log phase and induced by galactose for 3 hr followed by the addition of 2 mg/ml a-factor for 2 hr. The arrowheads show the septin defect in the cell overexpressed Syp1p. The quantitative data of septin disorganization are shown in graphs in the right. (C) Left: The septin mutant cdc10-1 (YEF473-1619) containing CDC12-GFP was integrated with vector or Gal-SYP1-HA to generate YMC528 and YMC529, respectively. The strains were cultured at 25°to log phase and induced with galactose for 6 hr. The arrows indicate the elongated bud cells and arrowheads show the septin defect in the elongated bud cells. Right: YMC526 (W303Tvector), YMC527 (W303TGal-SYP1), YMC528, and YMC529 were patched on a plate and allowed to grow at 25°for 2 days and followed by replica plating onto a fresh plate and incubated at 31°f or 2 days. Bars, 5 mm.
cdc10-1 mutant at 25° (Figure 2C, arrows) , accompanied by severe septin disorganizations. There were no clear septin rings at the bud neck. Instead, the septins were present as clumps ( Figure 2C, arrowhead) . At 31°, which was a permissive temperature for the cdc10-1 mutant, Syp1p overexpression caused cell death ( Figure 2C , right). Similar synthetic effects were also observed between Syp1p overexpression and another septin mutant cdc3 (data not shown). Taken together, these findings confirm that overexpression of Syp1p can lead to severe defects in septin organization and suggest a role for Syp1p in the regulation of septin organization in yeast.
Abnormal septin structures in HU-arrested syp1D cells: As reported previously (Marcoux et al. 2000) , deletion of the SYP1 gene generated no obvious defects in cell growth and actin organization (data not shown). The syp1D cells also appeared to have a normal septin cytoskeleton under regular culture conditions. We noticed, however, that the syp1D cells arrested with the DNA synthesis inhibitor HU displayed an apparently different septin morphology from that of wild type. Their septin rings at the neck generally had a larger diameter ( Figure  3 ). Upon careful measurement, the diameter of the septin ring at the mother-daughter neck of the syp1D cells was 1.90 6 0.26 mm, compared with 1.62 6 0.23 mm in the parental wild-type cells (n . 100 for each strain, Figure 3 ). This suggests that the organization of the septin ring in the HU-arrested syp1D mutant is somewhat abnormal.
Association of Syp1p with septins: Although Syp1p has been reported to be localized to the motherdaughter junction (Marcoux et al. 2000) , its localization pattern and that of septins have not been directly compared. We therefore examined the localization of Syp1p-CFP and Cdc12p-YFP in live cells. The two markers were found to be colocalized with each other in the cells of different cell cycle stages ( Figure 4A ). For example, both proteins localized to the incipient bud site in unbudded cells ( Figure 4A , arrow 1), stayed at the mother-bud neck in small-( Figure 4A , arrow 2) and large-( Figure 4A , arrow 3) budded cells, and remained faintly at the division sites of mother and daughter cells after cell separation ( Figure 4A, arrow 4) . These results suggest that the cellular localization of Syp1p closely coincides with that of septins.
As shown in Figure 3 , Syp1p was not required for septins to localize to the neck region. The cellular localization of Syp1p, however, was found to be strictly dependent on septins. At a permissive temperature, the cdc10-1 mutant grew well with normal cell morphology. Under this condition, both Syp1p-CFP and Cdc12p-GFP displayed normal patterns of localization identical to the wild-type strain ( Figure 4B ). At the nonpermissive temperature of 37°, on the other hand, septins became completely diffuse over the cell ( Figure 4B ), whereas Syp1p similarly lost the neck localization and was diffuse as well ( Figure 4B ).
These results led us to investigate the possibility that Syp1p may physically associate with septins in vivo. We first used the two-hybrid assay to examine the interactions of Syp1p with different septin subunits. Indeed, Syp1p demonstrated a clear binding activity with Cdc10p ( Figure 4C ). To further ascertain the interaction, we attempted to precipitate Syp1p-HA from the yeast cell lysates using GST-septin fusion proteins. As shown in Figure 4D , Cdc10p was able to pull down Syp1p readily ( Figure 4D , lane 4). Cdc12p could also pull down Syp1p in this assay ( Figure 4D , lane 6). Longer exposure of the Western membrane revealed that a small amount of Syp1p was also present in the binding reactions of Cdc3p and Cdc11p, but not in that of the GST control (data not shown, but faintly visible in Figure 4D ). These results suggest that Syp1p may bind to the septin filaments at a region with Cdc10p as a major interaction partner.
Localization of Syp1p in live cells: To better understand the function of Syp1p, we next followed the localization pattern of Syp1p-GFP during the cell cycle in live cells using time-lapse fluorescent microscopy. In the early cell cycle stage, Syp1p-GFP appeared at the incipient bud site 8 min before bud emergence ( Figure  5A , arrows). At first, it appeared as a patch on the cortex and then formed a ring, which remained at the base of the bud after bud emergence ( Figure 5 , A and B, arrowheads). During the early stage of bud growth, Syp1p-GFP stayed on as a ring at the mother-bud neck ( Figure 5B ). As the bud grew bigger, some portions of Syp1p-GFP started to appear on the cortex of the bud, while the signals at the bud neck were fading away until they completely disappeared ( Figure 5C , frame 8, arrow). About 16 min later, some Syp1p-GFP signals began to congregate to the bud neck ( Figure 5C , frame 12, arrowhead). This pattern remained until the completion of cytokinesis ( Figure 5C , frame 15). After cell division, Syp1p-GFP reappeared at the incipient bud site in both mother and daughter cells as the next cell cycle initiated ( Figure 5C , frame 16). The localization of Syp1p in live cells, therefore, appears to correlate very well with that of septins.
The effects of the syp1D mutation on septin dynamics: To investigate the possible roles of Syp1p in the regulation of septin dynamics, wild-type and the syp1D mutant cells carrying CDC12-GFP were examined with time-lapse microscopy. As shown in Figure 6A , Cdc12p-GFP first appeared in both the wild-type and the (cdc10-1TSYP1-CFP) were cultured at 25°to log phase and one-half of the culture was shifted to 37°and the other half remained at 25°. After 5 hr, the cells were collected and fixed for visualization of Cdc12p-GFP and Syp1p-CFP. Bars, 5 mm. (C) Two-hybrid interaction between Syp1p and septins shown as the b-galactosidase activities. (D) Different septin components were fused to GST tag and expressed and purified from bacteria. The yeast lysate was prepared from the cell integrated with SYP1-HA (YMC532). The GST fusions were bead immobilized and incubated with yeast lysate. The precipitates were separated by gel electrophoresis, transferred to the membrane, and immunoblotted with anti-HA antibody to detect Syp1p (top). The membrane was then stained with Coomassie blue to detect GST and GST-septin fusion proteins (bottom). The arrows indicate different GST-septin fusion proteins.
syp1D mutant cells as a hazy, irregularly shaped patch at the incipient bud site ( Figure 6A, arrows) , which took 4 min in the wild type to transform into a complete septin ring ( Figure 6A, top, arrowhead) . On the other hand, the same process took nearly twice as long in the syp1D cell ( Figure 6A , bottom, arrowhead). The average time needed for formation of a complete ring in syp1D cells was 8 6 2 min (n ¼ 21), compared with only 5 6 1 min in the wild-type cells (n ¼ 33). After the septin ring formation, the ring stayed at the mother-bud neck until it was disassembled. We calculated the time from the point of ring formation to the point when the septin ring started to decrease in intensity (start of septin disassembly) and found it to be 75 min in both wildtype and the syp1D cells (n . 10 for each strain). We subsequently defined the time from the start of septin disassembly to septin disappearance in either the mother or the daughter side of the neck as the septin disassembly period. It was found that the septin disassembly period at the daughter side was significantly longer in the syp1D cells than that in the wild-type cells. In the wild-type cell, the duration of septin disassembly at the mother side was 20 min ( Figure 6B , top, frames 1-10, arrowhead), while it was 28 min at the daughter side ( Figure 6B, top, frames 1-14, arrowhead) . In the syp1D cell, the mother side septin disassembly took about 22 min, close to that of wild type ( Figure 6B , bottom, frames 1-11, arrowhead). However, the disassembly period in the daughter side was measured to be 36 min ( Figure 6B, bottom, frames 1-18, arrowhead) . The quantitative data compiled from 40 wild-type and 60 syp1D cells led to the conclusion that the average time required for septin disassembly at the daughter side of the cell is 10 min longer in syp1D cells (42 6 13 min) than in wild type (32 6 12 min). The mutant, nevertheless, apparently had a similar time frame as the wild type for disassembly of the septin ring at the mother side of the neck, which was usually much fainter in the first place.
The above observation suggests that Syp1p may be required for septin disassembly in the late stage of the cell cycle. Were this the case, one could expect to see accelerated septin disassembly in the cells overexpressing Syp1p. To put this possibility to a test, we followed the Cdc12-GFP marker in live cells that contained pGal-SYP1. Wild-type cells experiencing galactose shift routinely have a longer time frame of septin disassembly than in glucose. Whether this is due to a cell cycle response to galactose pulse or to other metabolic effects on the septin dynamics is not known. After 3 hr in galactose, the septin ring in the vector control cell gradually decreased in intensity over a long time (.30 min) before it completely disappeared ( Figure 6C, top) . Under the same condition, however, the septins in the cell overexpressing Syp1p disassembled very rapidly ( Figure 6C , bottom). The rings disappeared as fast as just a few minutes, regardless of whether the cell had a normal or an elongated bud ( Figure 6C ). Statistical data indicated that the average duration of disassembly was 45 min in the control cells (n ¼ 12), and 13 min in Syp1p overexpression cells (n ¼ 20). These results are consistent with the observation of the delayed septin disassembly in the syp1D mutant and further support the conclusion that Syp1p functions in the disassembly of septin structures in late cell cycle stages.
Examination of septin dynamics using FRAP: Thus far, we have identified two functions of Syp1p in the regulation of septin dynamics: the one related to the ring formation at the new budding site at the beginning of the cell cycle and the other the promotion of septin disassembly in the later stages of the cell cycle. The role of Syp1p in septin dynamics was further confirmed using the FRAP assay. In these experiments, half of the fluorescently labeled septin ring was first bleached with a laser beam. The fluorescence recovery in the bleached area, brought about by exchange of septin subunits from outside of the photobleached area, was then monitored over time. This analysis was carried out with unbudded cells and cells in late cell cycle stages, both of which are known to display a certain rate of septin turnover (Dobbelaere et al. 2003) . As shown in Figure 7A , unbudded wild-type cells with a newly formed septin ring showed active septin turnover, as has been previously reported (Caviston et al. 2003; Dobbelaere et al. 2003) . Following photobleaching, the GFP-fluorescence intensity in these cells recuperated from 40% of the original value at the time of 0 sec to the recovery plateau of 65% in 120 sec, with a half-time of 44 6 15 sec (n ¼ 14). The syp1D cells, on the other hand, recovered across the same range in 180 sec with a half-time of 69 6 39 sec (n ¼ 13), significantly slower than the wild-type cells. This result indicates that the turnover of the septin ring in the early cell cycle is delayed in the syp1 mutant.
Similarly, the syp1 deletion also resulted in a slower rate of fluorescence recovery in late cell cycle stages. As shown in Figure 7B , the average half-time of fluorescence recovery of photobleached split rings at the mother-daughter junction in syp1D cells was 54 6 21 sec (n ¼ 17), 16 sec longer than that of wild-type cells (38 6 13 sec, n ¼ 14). This suggests that Syp1p is also required for the efficient septin turnover in the late cell cycle.
In contrast to the cells of early and late cell cycle stages, the cells of mid-cell cycle stage, i.e., those with small-or medium-sized buds, do not undergo active septin turnover (Dobbelaere et al. 2003) . As a result, these cells essentially failed to recover any GFP fluorescence after photobleaching ( Figure 7C , top, n ¼ 6). Remarkably, overexpression of Syp1p caused significant changes to septin dynamics in these cells. Recovery of fluorescence was clearly observed ( Figure 7C , bottom, n ¼ 6). This result further supports the role of Syp1p as a promoter of septin disassembly.
Genetic interaction between SYP1 and RTS1: Previously, the regulatory subunit of the phosphatase PP2A, Rts1p, was shown to be required for septin disassembly in the late cell cycle (Dobbelaere et al. 2003) . In rts1D cells, the split septin rings failed to disassemble properly (Dobbelaere et al. 2003) . It is possible, therefore, that Syp1p and Rts1p may share an overlapping function in the regulation of septin disassembly. In support of this hypothesis, we found that deletion of SYP1 rendered rts1D cells completely inviable at 34°, a semi-permissive temperature for the single mutant ( Figure 8A, top) , and conversely, overexpression of Syp1p significantly improved the viability of rts1D cells at this temperature (Figure 8A, bottom) . Consistent with these findings, the syp1Drts1D double mutant also displayed a marked increase in the populations of cells with either elongated buds or defective cytokinesis ( Figure 8B ).
DISCUSSION
Evidence for Syp1p functioning in septin organization: In this report, we identified Syp1p as a novel septinassociated protein that functions in the regulation of septin organization in yeast. It colocalizes with septin filaments throughout most of the cell cycle and physically interacts with the septin subunit Cdc10p in vitro. The finding that Syp1p can be precipitated from cell extracts by Cdc10p, Cdc12p, and weakly so by other septins, suggests that Syp1p associates with the septin complex in vivo. Consistent with the physical interaction between Syp1p and the septin complex, the localization of Syp1p is dependent on the integrity of septins at the neck. Both loss of function and overexpression of Syp1p affect the septin assembly and disassembly at specific cell cycle stages. These results strongly suggest a functional relationship between Syp1p and septin organization.
Regulation of septin dynamics by Syp1p: The role of Syp1p in regulating the assembly and disassembly of septins is also well supported by its dynamic cellular localizations. The dynamic behavior of Syp1p and its persistent colocalization with septins throughout the cell cycle, except for a brief period at the late largebudded stage, suggest that Syp1p may be required for the normal septin organization at different cell cycle stages. Indeed, we have found that in the syp1D cells, the septin dynamics are altered at least at two stages of the cell cycle. Early in the cell cycle of the wild-type cells, septins first appear at the incipient bud site as cloudy and irregular structures, as has also been observed recently by Iwase et al. (2006) . They then transform into a jagged ring, which further develops into a complete ring. The whole process takes 4-5 min. However, in the syp1D cells, the jagged ring stays for a longer time and the process of forming a complete ring lasts up to twice as long as in the wild type. In the absence of Syp1p, therefore, the septin ring formation at the beginning of the cell cycle is delayed.
Another aspect of septin dynamics that is altered in the syp1D cells is the septin disassembly at the daughter side of the neck in a late stage of the cell cycle. The syp1D cells consistently show a delay in this process compared with the wild type. The disassembly at the mother side of the neck appears to be unaffected. This observation, however, is complicated by the fact that the distribution of septins at the two sides of the neck is largely uneven in this strain background. Nevertheless, the finding that the septin filaments stay significantly longer in syp1D cells during the later stage of the cell cycle indicates that Syp1p is required for disassembly of the old septins. This notion is also supported by the result of the Syp1p overexpression experiment, in which the septin ring is found to be disassembled at a rate several times faster than in the vector control cells. The remarkably accelerated septin disassembly resulting from Syp1p overexpression may also explain the lethality caused by Syp1p overexpression to the septin mutants. Furthermore, the FRAP assay, which measures the rate of turnover of septin filaments in the cell, further confirmed the role of Syp1p in the dynamics of septin. Turnover of septins in the syp1D cells showed significant delay in both early and late cell cycle stages. The slow turnover of (A) The synthetic lethality between syp1D and rts1D and improved viability of rts1D by Syp1p overexpression. Top: Wild-type, YMC515Q (syp1D), YMC536 (rts1D), and YMC537 (syp1Drts1D) cells were cultured to log phase at 25°and spotted on a YPD plate after serial dilutions and incubated at the indicated temperatures for 2 days. Bottom: The same experiment was performed with the cells of indicated genotypes on a dropout plate. (B) Synthetic effect of syp1D and rts1D on cell morphology. Cells of indicated genotypes were cultured to log phase at 25°and shifted to 37°for 4 hr. The quantitative data of cell morphology in the budded cell population are shown in the graph below. Bars, 5 mm.
septins in the syp1D mutant may be the reason for the delayed septin ring formation in the early cell cycle stage and septin disassembly in the late cell cycle stage.
The possible functions of Syp1p in regulation of septin dynamics in yeast: The synthetic lethality between mutants defective in Syp1p and Rts1p suggests that these two proteins share certain essential functions in vivo. Rts1p is a regulatory subunit of the phosphatase PP2A, which has been shown to be required for dephosphorylation of Shs1p in the process of septin disassembly (Shu et al. 1997; Dobbelaere et al. 2003) . Interestingly, the cellular localization of the PP2A complex is highly similar to that of Syp1p (Gentry and Hallberg 2002) . Whether Syp1p acts as another PP2A regulatory subunit remains to be investigated.
Syp1p could also affect septin organization through its connection with actin cytoskeleton. In view of the previous report that Syp1p could suppress the pfy1D mutation when overexpressed (Marcoux et al. 2000) , we have conducted a number of experiments to examine the possible functions of Syp1p in relation to the actin cytoskeleton. We found no significant defects in the organization or the function of actin cytoskeleton in syp1D cells. The syp1D mutant contained normal actin cytoskeleton and was not impaired in endocytosis (our unpublished results). Nevertheless, we found that the localization of Syp1p to the budding site and the neck was abolished by treatment of the actin filament toxin Latrunculin A or by a mutation in the actin gene (our unpublished results). Syp1p, therefore, is dependent on actin cytoskeleton to establish an intimate colocalization with septin. How actin cytoskeleton affects the localization of Syp1p has not been explored further. It is worth noting that the yeast formins Bni1p and Bnr1p, which nucleate the assembly of actin cables, have both been implicated in septin dynamics as well (Kikyo et al. 1999; Kadota et al. 2004) . Bni1p is required for formation of the early septin ring (Kadota et al. 2004 ) and overexpression of Bnr1p resulted in bud elongation with abnormal septin structures (Kikyo et al. 1999) , similarly to what we have observed in syp1D and Syp1p overexpression cells. One could speculate, therefore, that Syp1p may cooperate with formins to regulate septin assembly and disassembly.
To conclude, we have demonstrated the functional relationship between Syp1p and septin organization in this report. Syp1p physically interacts with septin filaments and is involved in the processes of septin ring formation in the early stage of the cell cycle. Syp1p is also required for efficient septin turnover at multiple stages of the cell cycle. Further study of the role of Syp1p and its functional relationship with other septin regulators will help us better understand the mechanism that regulates the dynamics of the septin cytoskeleton during the cell cycle.
